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Owing to the ultralow abundance of many disease-relevant 
biomarkers, ultraprecise analysis of trace analytes in bulk 
biofluids (that is, approximately one to ten copies in 100 μl) 

is of great significance for biological research, precision medicine 
and early-stage diagnosis1–4. Such a precise analysis can approach 
the physical limit of biosensors, which is inevitably affected by 
the large amounts of non-specific proteins, nucleic acids or other 
background biomolecules2,4–6. Some techniques can monitor single 
molecules or few molecules by using nanometre-sized transduc-
ers, leveraging tiny testing volumes and ultrasmall recognition 
cross-sections, yet they inherently lack molecular-level sensitivity 
in a bulk matrix3. Despite efforts made during the past few decades, 
ultraprecise biodetection remains a critical problem in the chemical 
and biological sciences, and faces increasing requirements, espe-
cially in the context of the coronavirus disease 2019 (COVID-19) 
pandemic and other large-scale epidemics7–12. Owing to challenges 
in the detection of ultralow concentrations of target molecules in 
testing solutions10,12, direct severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) nucleic acid testing has not been employed 
for clinical COVID-19 diagnosis. Without sufficient sensitivity, the 
established methodologies—that is, those based on quantitative 
reverse-transcription polymerase chain reaction (qRT–PCR)—
require nucleic acid extraction and amplification procedures, which 
need skilled technicians, specific laboratories and equipment, and 
long processing times (>2 h); hence, on-site and point-of-care 
SARS-CoV-2 nucleic acid testing remains a hurdle7–12. Despite  

target amplifications larger than 106-fold, the limit of detection 
(LoD) of the qRT–PCR assay is typically ~0.2–1 copies per μl 
(~0.3 × 10−18 to 1.7 × 10−18 M)7–10,13. Assays for nucleic acid testing 
that are simple, rapid and ultraprecise would contribute to slowing 
down the fast spreading of SARS-CoV-2 (ref. 14).

Microelectromechanical systems (MEMS) are typically highly 
integrated, small, inexpensive and highly efficient, with feasibil-
ity for commercialization15–18. MEMS integrate micrometre-scale 
mechanical components with microelectronics, to convert mechan-
ical, chemical, biological or other sensing responses to electrical 
signals15,16,18. Via integration with field-effect transistors (FETs), 
MEMS could make ultrasensitive biosensors, in particular because 
FETs combine efficient transducers with signal amplifiers in which 
a small parameter alteration induces a pronounced change of chan-
nel current1,19–24. Because smaller dimensions enable measure-
ments with higher sensitivity and resolution16–18, by miniaturizing 
feature sizes down to submicrometre scales, nanoelectromechani-
cal systems (NEMS) reduce cost, volume, weight and power con-
sumption while improving sensing performance15–17. However, the 
performance of these systems remains far below that of many living 
systems, in which biorecognition and responses typically occur via 
exquisitely precise molecular-level mechanisms25.

For biosensors based on MEMS, NEMS and FETs, without 
designing the sensing interface and manipulating the systems at the 
molecular level, the sensitivity rarely reaches 10−17 M (~600 copies in 
100 μl) in bulk buffer or diluted biofluids5,6,19–21,26–31. Such sensitivity 
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is hardly maintained in complex and high-ionic-strength biofluids. 
Some molecular-scale systems relying on chemical-binding-induced 
geometry changes have recently been developed for chemi-
cal sensing21,32,33. However, their detection sensitivity is normally 
~10−14–10−6 M. In this Article, we show that a molecular electrome-
chanical system (MolEMS) consisting of an aptamer probe bound 
to a flexible single-stranded DNA (ss-DNA) cantilever linked to a 
self-assembled stiff tetrahedral double-stranded DNA (ds-DNA) 
structure enables the ultrasensitive and specific detection of pro-
teins, small molecules, ions and nucleic acids in biofluids. In par-
ticular, MolEMS enables the direct detection of SARS-CoV-2 RNA 
in nasopharyngeal swab samples with concentrations down to ~0.02 
copies per μl RNA in viral transport medium (VTM).

Results
Structure and actuation of MolEMS. MolEMS has two parts: a stiff 
base and a flexible cantilever. The base has a tetrahedral structure 
with six ds-DNA edges linked by single-stranded hinges34,35. A flex-
ible ss-DNA, which serves as a cantilever, extends from one strand 
of the tetrahedral base via a spacer consisting of thymine nucleo-
tides, and ends in a pendant probe (Fig. 1a,b). Here, the probe is 
an aptamer, which is a short, single-stranded oligonucleotide with 
a specific three-dimensional structure36–38. Depending on the struc-
ture, the aptamer can fold into or around the complex surface of 
target molecule via shape-dependent, hydrophobic, base-stacking 
or intercalation interactions39. Aptamers are widely used to recog-
nize a variety of targets with high affinity and specificity, including 
small molecules, proteins, ions, nucleic acids and cells, for diverse 
diagnostic, therapeutic, imaging and gene-regulation applications39.

MolEMS structures are self-assembled in 1× TM (Tris-HCl, 
MgCl2) buffer by mixing several complementary ss-DNAs 

(Supplementary Table 1). Agarose gel electrophoresis 
(Supplementary Fig. 1) and fluorescence resonance energy transfer 
(FRET; Supplementary Fig. 1) analysis demonstrate the assemblage 
of MolEMSs. The MolEMS structures are then immobilized on the 
channel of a liquid-gated graphene FET (g-FET) (Supplementary 
Note 1, Fig. 1c–e and Supplementary Figs. 2–5). The appearance 
of an X-ray photoelectron spectroscopy P 2p peak (Supplementary 
Fig. 6) indicates the immobilization of the MolEMS structures. 
Atomic force microscopy (AFM) images measured in 1× TM buf-
fer (Fig. 1f and Supplementary Fig. 7) shows that the MolEMS 
structures (17bp-5T: 17 base pairs for the tetrahedral edges, 5 
thymine nucleotides for the cantilever spacer) are maintained, 
and that they are uniformly anchored on the entire graphene sur-
face with a density of ~3 × 103 to 4 × 103 μm−2. No aggregation was 
observed. The MolEMS structures appear as individual pyramids 
with a height around 5 nm and a lateral distance larger than 7 nm, 
in good agreement with the designed structure. As a comparison, 
ss-DNA aptamers on graphene tend to collapse and aggregate 
(Supplementary Fig. 8), with morphologies different from those of  
the MolEMS structures.

The ss-DNA cantilever functions similarly to those in MEMS 
and NEMS. One side is connected to the rigid base, while the 
other side is free to ‘surf ’ in solution (with a larger degree of move-
ment than when bound on a flat surface). The ss-DNA cantilever 
has higher flexibility than cantilevers in conventional MEMS and 
NEMS, allowing for actuation at the molecular scale. Owing to 
the phosphates in the DNA backbone, the cantilever is negatively 
charged40. When applying a positive or negative gate voltage by 
the liquid electrolyte (Vlg), a local electrical field lifts up or pushes 
down the cantilever, leading to confined cantilever movements in 
the upper or lower regions of the MolEMS, respectively (Fig. 1b).  
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Fig. 1 | MoleMS and MoleMS g-Fet. a, Schematic of biodetection by MEMS or NEMS. b, Schematic of MolEMS and its electrostatic actuation. A probe is 
conjugated at the tip of the ss-DNA cantilever, for specific biorecognition. E indicates an electric field. c, The device configuration of a MolEMS g-FET.  
d,e, Photograph (d) and optical microscope image (e) of the device. f, AFM image (in 1× TM buffer) of graphene immobilized with MolEMSs. The colour 
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To examine such actuation, we conjugated a fluorescent dye 
Cyanine3 (Cy3) (rather than a probe) at the tip of the cantilever. 
Cy3 fluorescence quenching by graphene occurred at negative Vlg 
(Fig. 1g–i and Supplementary Figs. 9–11), indicating the electro-
static actuation of the cantilever as well as the upright configuration 
of MolEMS, which allows the ss-DNA cantilever to face upwards 
and to have sufficient space for actuation. At Vlg = −0.9 V or −1.1 V, 
the relative intensity was comparable to or lower than that of 
Cy3-conjugated DNA tetrahedron with 7 bp edges (Supplementary 
Fig. 12); thus, the actual distance between the Cy3 and graphene 
decreased to ~2 nm or smaller (Supplementary Note 2).

Ultraprecise biodetection by MolEMS g-FETs. The unique struc-
ture as well as the molecular-level actuation of MolEMS enables 
ultraprecise biodetection in bulk biofluids (Fig. 2). Biochemical 
sensing involves specific biorecognition and signal transduc-
tion1–5,19–31,34. A high density of 17bp-5T MolEMS structures was 
accommodated on the graphene surface with a highly ordered 
upright orientation and controllable distance34, which ensured a 
large free space for cantilever movements and prevented them from 
entanglements, local aggregation and non-covalent adsorption on 
the graphene surface (Supplementary Fig. 8)41. In fact, the probes 

on the cantilevers should move freely and stay active. The high den-
sity of MolEMS structures on the large-area channel surface of the 
g-FETs allowed for efficient recognition of ultralow concentrations 
of analytes. Graphene is an atomically thick material with extremely 
high mobility, in which all carriers flow solely on the surface. Thus, 
g-FETs promise highly efficient signal transduction to minute elec-
trochemical perturbations associated with the analytes in solution42. 
However, efficient signal transduction faces a Debye-length limita-
tion in ionic solution, because potential perturbations in response 
to recognition events beyond the Debye length are screened by 
the electrical double layer (Supplementary Note 3). The Debye 
length is a measure of a charge carrier’s net electrostatic effect in 
a solution and of how far its electrostatic effect persists. Effective 
recognition events need to occur within the Debye length, and 
the value is normally less than 1 nm in high-ionic-strength buffer  
and biofluids21,23,24.

MolEMS overcomes such a limitation. The base height of 17bp-
5T is around 5.3 nm, approximately the cantilever length (6.8 nm). 
When Vlg > 0 V or Vlg = 0 V, the cantilever moves in the upper region 
or randomly in a wide region, respectively. Thus, there is a small 
chance that the recognized analytes move approaching the gra-
phene surface within the Debye length. When applying a negative 
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recognize the targets specifically. On electrostatic actuation, the recognition events are detected in the g-FET channel, leading to efficient biorecognition 
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Vlg, the local electrical field actuates the cantilevers downwards, and 
its movements become confined to the lower region of MolEMSs. 
More of the recognized analytes therefore come close to the gra-
phene’s surface. Owing to the electrostatic or doping effect, the 
recognized events within the Debye length lead to variations of the 
electrical potential of the graphene channel, in a way that is similar 
to applying an external potential to the gate electrode in conven-
tional FETs. Then, conductivity changes, and a current response 
associated with the analytes occurs in the channel in real time42. 
Therefore, the actuation of MolEMS at negative Vlg enhances the 
current response. Considering this as well as the intrinsic amplifica-
tion and ultrahigh sensitivity of g-FETs19–31,42, we expect the signal 
transduction to be efficient (Supplementary Note 4).

We functionalized the cantilever with a 15-mer thrombin-binding 
aptamer (TBA) with a G-quadruplex structure, as a probe for thrombin 
recognition43. At Vlg = −0.5 V, we measured the drain–source current 
(Ids) versus time (t) on successive additions of thrombin with concen-
trations from 5 × 10−18 to 5 × 10−10 M in 1× thorbim-binding (TRB) 
buffer. Ids decreased with increasing concentration before reaching 
saturation, in agreement with the evolution of the Ids–Vlg curves 
at different concentrations of thrombin (Supplementary Fig. 13).  
∆Ids responses are defined as Ids (at each concentration) − Ids0, where 
Ids0 is the average value of Ids when no sample is presented. The ∆Ids 
response at 5 × 10−18 M thrombin is approximately seven- to eightfold 
larger than that at Vlg = 0 V (Fig. 2a–c), which is consistent with the 
divergence of the Ids–Vlg curve (Supplementary Fig. 14). At Vlg = 0.5 V, 
only negligible ∆Ids responses occur at 5 × 10−18 M (Fig. 2b,c). Under 
actuation at Vlg = −0.5 V, 5 × 10−20 M thrombin in 1× TRB buffer 
generated obvious ∆Ids responses (Fig. 2e), around eight orders of 
magnitude lower than those of thrombin FET sensors previously 
reported27. Therefore, MolEMS enables both efficient biorecognition 
and signal transduction, giving rise to ultrahigh sensitivity.

In practice, most biosensors cannot achieve ultrahigh sensi-
tivities in biofluids, especially in full serum, because non-specific 
nucleic acids, proteins and other background biomolecules crowd 
the sensing interfaces, blocking the active sites, generating back-
ground noise and depressing the long-term stability of the sen-
sors2–5. To reduce non-specific adsorption, anti-fouling layers such 
as bovine serum albumin (BSA), peptides and zwitterionic poly-
mers can be applied. However, these layers can block the active sites, 
and hence they impose a trade-off in detection sensitivity3. In fact, 
using a BSA anti-fouling layer on the graphene surface blocked the 
actuation of the ss-DNA cantilevers and decreased the sensitivity of 
the g-FETs (Supplementary Figs. 15–17). MolEMS does not suffer 
from this problem, sidestepping the trade-off between bare sensi-
tivity and anti-fouling ability (Supplementary Note 5). Owing to 
their high density, the rigid bases with a 5.3 nm height serve as an 
anti-fouling layer, which resists non-target biomolecules larger than 
1.5 nm in diameter, avoiding non-specific adsorption and keeping 
them away from the channel (Fig. 2d). We measured the hysteresis 
of Ids–Vlg curves, performed in situ AFM and determined ∆Ids/Ids0 
responses on BSA addition as well as electrical-field-driven Cy3 flu-
orescence quenching in full serum (Supplementary Figs. 18 and 19 
and Extended Data Fig. 1), and the results demonstrate the excellent 
anti-fouling feature of MolEMS. At the same time, MolEMS main-
tains high sensitivity. The probes on the flexible cantilevers recognize 
the targets specifically, and such recognition events are transferred 
down to the graphene surface on actuation, leading to efficient bio-
recognition and signal transduction. To clarify this mechanism, 
we used Cy3-conjugated 17bp-15T on the graphene surface. Cy3 
fluorescence quenching at negative Vlg still occurs in full serum 
(Supplementary Figs. 15 and 16), indicating that the ss-DNA canti-
levers remain operative in challenging biological environments. As 
a comparison, we modified the graphene with a BSA anti-fouling 
layer. No obvious Cy3 fluorescence quenching occurred, indicating 
the blocking effect of conventional anti-fouling materials.

In full serum, MolEMS g-FETs have ∆Ids/Ids0 responses (Fig. 2e) 
on the addition of thrombin ranging from 5 × 10−19 to 5 × 10−16 M 
when actuating at Vlg = −0.5 V. g-FETs modified with a TBA-5T 
aptamer have no ∆Ids/Ids0 response even when thrombin concentra-
tion increases by ten orders of magnitude to 10−9 M. We continu-
ously exposed the devices to full serum for 15 days at 4 °C. MolEMS 
g-FETs still produced obvious ∆Ids/Ids0 responses (Fig. 2e) at throm-
bin concentrations ranging from 5 × 10−19 M to 2.5 × 10−13 M in full 
serum. The ∆Ids/Ids0 responses of MolEMS g-FETs with DH25.42 
aptamer probes (Extended Data Fig. 2) were maintained at ~56% on 
the addition of 5 × 10−15 M adenosine 5′-triphosphate (ATP) in full 
serum after 15 days of incubation, indicating the long-term stability 
of MolEMS g-FETs in biofluids.

Universality, specificity and structural design of MolEMS 
g-FETs. MolEMS g-FETs can be used to specifically detect differ-
ent categories of analytes. Cantilevers of 17bp-5T were functional-
ized with DH25.42 aptamer43, oligodeoxynucleotide aptamer37 or a 
complementary oligonucleotide (Supplementary Table 1) to spe-
cifically detect ATP, Hg2+ and targeted ss-DNA (ss-DNA-T), respec-
tively. When actuating MolEMS by Vlg, the detectable concentration 
of ATP and Hg2+ (Fig. 3a,b and Extended Data Fig. 3) reached 
5 × 10−20 M in 1× ATP MgCl2 (AM) or 1× Tris MgCl2 (TM) buffer 
(Supplementary Note 3), orders of magnitude lower than previous 
ATP and Hg2+ FET sensors28,29. Owing to the high density of the 
active probes, the signal of some devices did not reach a saturation 
even when the concentration increased to 5 × 10−10 M, showing the 
wide detection range of the sensors. In full serum, obvious ∆Ids/Ids0 
responses were observed on the addition of ATP or ss-DNA-T as low 
as 5 × 10−20 M (Supplementary Fig. 23). Non-target proteins (BSA, 
casein), ions (Fe3+, Cd2+, Zn2+, Ca2+, Cu2+), nucleoside triphos-
phates (cytidine 5′-triphosphate (CTP), guanosine 5′-triphosphate 
(GTP)), three ss-DNA strands with random sequences (ss-DNA-R1 
to R3) and three ss-DNA strands (ss-DNA-mis-3′, ss-DNA-mis-m, 
ss-DNA-mis-5′) with one-base mismatches at different locations 
(Supplementary Table 1) could be measured at a concentration ten 
times higher than the targets (Fig. 3c and Extended Data Fig. 4) 
and the mixture samples with the targets (Extended Data Fig. 5). 
Negligible responses were observed on the addition of non-target 
analytes. These results suggest that MolEMS g-FETs are a universal 
technology for biodetection with high specificity.

We also investigated the structural design of MolEMS. The abil-
ity to design the sequences from the bottom-up to self-assemble 
into specific DNA structures allows for the construction of func-
tional systems with predicted structures and conformations34,35. 
We prepared four TBA-functionalized DNA structures (Fig. 3d 
and Supplementary Fig. 1), including 5 T (6.8 nm ss-DNA), 17bp-
5T, 17bp-15T (5.3 nm base with 10.2 nm cantilever) and 37bp-5T 
(11.1 nm base with 6.8 nm cantilever). The direct modification of 
TBA-5T aptamers on g-FETs led to small Dirac point shifts and to 
negligible ∆Ids responses (Vlg = 0 V and −0.5 V) on the addition of 
thrombin (Supplementary Fig. 20). An obvious shift of the Dirac 
point (Fig. 3e) only occurred when using 17bp-5T, indicating that 
the ∆Ids response is originated from the potential change associated 
with the recognition of thrombin and that an appropriate size ratio 
for the base and the cantilever is critical for ultraprecise biodetec-
tion (Supplementary Note 6). Moreover, device geometry and the 
structural design of MolEMS g-FETs are also important for the 
sensing performance. Molecular diffusion is normally slow under 
ambient conditions. Using polydimethylsiloxane (PDMS) wells 
with low height-to-width ratios and adding analytes via pre-mixed 
samples can improve both the speed and sensitivity of detection 
(Supplementary Figs. 21 and 22 and Supplementary Note 7).

Unamplified SARS-CoV-2 nucleic acid testing. We applied 
MolEMS g-FETs to the detection of SARS-CoV-2 RNA. Nucleic acid 
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tests for COVID-19 typically require time-consuming nucleic acid 
extraction and amplification procedures (Fig. 4a)7–10. We show that 
MolEMS g-FETs can be used for direct SARS-CoV-2 nucleic acid 
testing. We functionalized cantilever tips with probes targeting either 
SARS-CoV-2 RNA or reverse-transcribed complementary DNA 
for the ORF1ab gene (nt13377-13404, Fig. 4b and Supplementary  
Table 1). We tested the devices with five samples spiked in full artifi-
cial saliva: cDNA reverse-transcribed from SARS-CoV-2 viral RNA 
from a patient with confirmed COVID-19 with severe pneumonia 
(sample 1, Supplementary Fig. 23), SARS-CoV-2 in vitro tran-
scribed (IVT) RNA (sample 2), SARS-CoV IVT RNA (sample 3), 
Middle East respiratory syndrome coronavirus (MERS-CoV) IVT 
RNA (sample 4) and human cDNA (sample 5).

Real-time ∆Ids/Ids0 responses on the addition of sample 1 or sam-
ple 2 with concentrations ranging from 1.67 × 10−19 M (0.1 copies per 
μl) to 8.33 × 10−17 M (500 copies per μl) in full artificial saliva were 
recorded under electrostatic actuation (Fig. 4c and Supplementary 
Fig. 24). In Supplementary Table 2 (see also Supplementary Note 8), 
we provide the square root of the sum of the squares of dilution (σRSS) 
and Poisson errors (σP), which show the uncertainties of the ana-
lyte copies in sample preparation. ∆Ids/Ids0 responses were detected 
with a reaction time as short as 4 min. ∆Ids was 2.4 × 10−7 A at 0.1 
copies per μl, consistent with the calculated ∆Ids for a few copies 
of SARS-CoV-2 cDNA (Supplementary Note 4). The LoD reached 
~0.01–0.02 copies per μl for sample 1 and sample 2 (Supplementary 
Figs. 25, Extended Data Fig. 6 and Supplementary Note 9), equivalent 
to approximately one to two copies in 80 μl of artificial saliva. Near 
the LoD, some devices showed responses (Supplementary Fig. 26).  
We measured 20 devices, and 15 out of 20 showed responses for 
0.025 copies per μl of SARS-CoV-2 cDNA in 80 μl of artificial saliva. 
The average response time was ~6.5 min (Supplementary Fig. 27).  

MolEMS g-FETs (inset of Fig. 4c) distinguished SARS-CoV-2 
nucleic acids from human cDNA (sample 5) and from related coro-
navirus IVT RNA (sample 3 and sample 4).

Direct SARS-CoV-2 nucleic acid testing of clinical samples. 
Measuring clinical samples brings in higher biological complex-
ity, as well as uncertainties arising from differences between 
patients and from sample collection and preparation proce-
dures. Moreover, SARS-CoV-2 RNA is about 30,000 nucleotides, 
and hence it involves complex folding structures. We tested 33 
nasopharyngeal swab samples (~P1–P33) from patients with 
qRT–PCR-positive COVID-19 with cycle threshold (Ct) values 
ranging from 24.9 to 41.3 (Supplementary Table 3), 23 samples 
(~F1–F23) from qRT–PCR-negative patients with fever, 6 samples 
from patients with influenza A or B (~A1–A4, B1, B2) and 25 
samples (~H1–H25) from healthy volunteers. All clinical samples 
followed a heating process to release nucleic acids and were then 
tested directly without nucleic acid extraction or amplification 
(Fig. 4a). Although the VTM contained background biomolecules 
and possibly contamination, SARS-CoV-2 RNA from ~P1–P33 
could be detected directly by the MolEMS g-FETs with ∆Ids/Ids0 
in the range of 0.8–6.85%. The rest of the samples led to negli-
gible signals (mostly ∆Ids/Ids0 < 0.08%) (Fig. 4d,e, Extended Data 
Fig. 6, Supplementary Figs. 28–30 and Supplementary Table 3). 
The overall agreement with the qRT–PCR results was perfect. 
The time to COVID-19 diagnosis (~P1–P26) was ~0.1–4 min 
with an average of 60 s (inset of Fig. 4d), when ∆Ids/Ids0 reached 
three times the initial ∆Ids/Ids0 value. MolEMS g-FETs responded 
to 6% diluted P1 (Fig. 4d) as well as to P18, with a Ct value of 41.3 
(Extended Data Fig. 7), indicating high sensitivity when testing  
clinical samples.
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Fig. 4 | SARS-CoV-2 nucleic acid testing. a, Workflows for SARS-CoV-2 nucleic acid testing by qRT–PCR and MolEMS g-FETs. b, Genome map showing the 
selected sequences (and their relative positions) used for the probes and for samples 1–5. S, spike protein gene; E, envelope protein gene; M, membrane 
protein gene; N, nucleocapsid protein gene. c, |∆Ids/Ids0| responses upon the addition of sample 1 and sample 2 (from 0.1 to 500 copies per μl) (technical 
replicates) in full artificial saliva. The inset shows the selectivity in the presence of target analytes (0.1 copies per μl) and non-target analytes (0.5 
copies per μl) (technical replicates) in full artificial saliva. The error bars are defined by the standard deviation of the results from at least three parallel 
experiments. d, ∆Ids/Ids0 versus t curve on the addition of F1, 6% P1 and 100% P1 (biological replicates). The inset is the box plot (indicating the interquartile 
range and the minimum and maximum values) of the diagnosis time for the clinical samples P1–P26 (biological replicates). e, |∆Ids/Ids0| responses 
corresponding to each clinical sample. ‘×10’ indicates ten times the |∆Ids/Ids0| (for F1–F23, A1–A4, B1, B2 and H1–H25; biological replicates). f, ∆Ids/Ids0 
versus t curve of diluted P32 with concentrations from 0.01 copies per μl in VTM to 100% P32 (biological replicates). The inset is ∆Ids/Ids0 versus t curves of 
the devices on the addition of 0.1 copies per μl of P30 (biological replicates) after 0, 3, 10, 15 and 21 days incubation in VTM. g, |∆Ids/Ids0| responses and Ct 
values of diluted ~P27–P33 (biological replicates) in VTM. h, Comparison of MolEMS (this work) with SARS-CoV-2 nucleic acid detection by qRT–PCR, US 
CDC or China-NMPA-approved qRT–PCR, RT-LAMP, CRISPR, RPA, SPR and EC.
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To test for device sensitivity, we quantified the clinical samples 
~P27–P33 according to Ct values and the qRT–PCR standard curve 
(Supplementary Fig. 31), and diluted them serially using VTM. We 
extracted the viral nucleic acids from the diluted samples, and then 
measured them by qRT–PCR (detection kit DA0931 from DaAn 
Gene). Negligible qRT–PCR signals were captured at low concen-
trations. As a comparison, ∆Ids/Ids0 responses on the addition of the 
diluted samples occurred even when the concentration decreased 
to ~0.02 copies per μl in VTM (Fig. 4f,g). We rinsed the device 
with VTM to remove non-specifically adsorbed species. No obvi-
ous change of Ids occurred during the rinsing step (Supplementary  
Fig. 32), indicating anti-fouling against unspecific binding in the 
clinical samples. Moreover, we stored the devices in VTM at 4 °C for 
21 days. ∆Ids/Ids0 responses at 0.1 copies per μl of diluted P30 in VTM 
were maintained (inset of Fig. 4f), indicating the long-term stability 
of the MolEMS g-FETs.

Fast assays for COVID-19 diagnosis have been developed 
recently. In particular, antigen testing by FET devices has enabled 
detection in minutes44,45. Nucleic acid testing is regarded as the gold 
standard for COVID-19 diagnosis, owing to its high accuracy13,14. 
Compared with commercial detection kits (Supplementary Table 4) 
and COVID-19 assays (Fig. 4h and Supplementary Table 5), includ-
ing qRT–PCR13,46–49, US Centers for Disease Control (CDC)/China 
National Medical Products Administration (NMPA)-approved 
qRT–PCR assays8,9, reverse transcription loop-mediated isother-
mal amplification (RT-LAMP)50–52, clustered regularly interspaced 
short palindromic repeats (CRISPR)7,53,54, recombinase polymerase 
amplification (RPA)55–57, surface plasmon resonance (SPR)58, elec-
trochemical devices (EC)59–61 and antigen/antibody testing44,45,62,63, 
MolEMS g-FETs may be advantageous in that it offers rapid detec-
tion of SARS-CoV-2 nucleic acids, easy operation, high sensitivity 
and specificity, and portability.

Discussion
Compared with MEMS and NEMS, MolEMS reduces cost, volume 
and weight, and allows for molecular-level manipulation. Under 
electrostatic actuation, MolEMS allows for the specific detec-
tion of proteins, small molecules, ions and nucleic acids, down to 
5 × 10−20 M in high-ionic-strength buffer or biofluids, even after 
15 days of continuous exposure to full serum. MolEMS is a most 
sensitive biosensor with anti-fouling ability, detection selectiv-
ity, stability and universality2,5,6,21. We have shown that MolEMS 
g-FETs allow for the direct testing of unamplified SARS-CoV-2 
nucleic acids with concentrations down to ~0.02 copies per μl in 
nasopharyngeal swab samples. The devices also allow for rapid and 
label-free detection, and for easy operation. In particular, in clini-
cal samples, MolEMS detected COVID-19 in ~0.1–4 min (faster 
than qRT–PCR) without the requirement for RNA extraction. 
Further development of portable systems (Supplementary Figs. 
33 and 34) could enable on-site and point-of-care testing in air-
ports, clinics and local emergency departments and even at home. 
Besides COVID-19, the development of MolEMS could allow for 
the ultraprecise diagnosis of other diseases in a few minutes, with-
out the need for target purification, amplification or culture, which 
normally requires hours or days. Furthermore, the design princi-
ples of MolEMS could be useful beyond biosensing, for the design 
of other electromechanical devices and functional systems with  
higher precision.

Methods
Graphene growth. Monolayer graphene was produced by chemical vapour 
deposition, as reported previously64. Cu foil (25 μm thick) was placed in the centre 
of a tube furnace (GSL 1200X), and was heated to 1,000 °C under a 4 standard 
cubic centimetres per minute (sccm) flow of H2 (99.999%) for 30 min. After that, 
the Cu foil was annealed at 1,000 °C in 4 sccm H2 for another 30 min. Then,  
16 sccm CH4 (99.999%) was introduced as the carbon source in the atmosphere  
of 4 sccm H2. The growth lasted for 15 min. Finally, the tube furnace was 

immediately cooled to room temperature under H2 gas. The graphene film  
on the Cu foil was transferred to a SiO2/Si substrate by the electrochemical 
bubbling method65.

Fabrication of g-FETs. The g-FET device was fabricated via a thermally assisted 
bilayer lift-off process66. Two layers of resist (sacrificial layer LOR 3 A and 
photoresist S1813) were sequentially spin-coated on the SiO2/Si wafer. After 
photolithography (Microwriter ML3, Durham Magneto Optics), 5/45 nm Cr/Au 
was deposited by using a thermal evaporator (Angstrom Engineering). The sample 
was heat treated on a hot plate at 170 °C for 1 min to allow photoresist reflow. 
Due to the higher reflow temperature of LOR (MicroChem LOR series reflow 
temperature >250 °C, DOW MicroPosit S1800 series reflow temperature <200 °C), 
the bottom photoresist undercut remains un-deformed while the top layer 
deformed. The introduced gap allowed the Remover PG stripper solution to access 
the photoresist, and improved the efficiency of the lift-off process considerably. 
The sample was treated by oxygen plasma to remove the photoresist residues. 
Graphene synthesized by chemical vapour deposition was then transferred onto 
the wafer using poly(methyl methacrylate) (PMMA) carrier layer to connect the 
drain and the source electrodes67. PMMA was subsequently removed by acetone. 
Finally, the graphene was patterned via standard photolithography and O2 plasma 
etching techniques to define the sensing region. Typically, the width and length of 
the graphene channel were 60 μm and 30 μm, respectively.

Synthesis of MolEMS. MolEMS was obtained by self-assembling four 
oligonucleotides. The sequences of the oligonucleotides were designed as listed 
in Supplementary Table 1, and then were prepared and purified by Sangon 
Biotechnology. Once received, we centrifuged the tubes at 10,200 rpm at 4 °C for 
5 min, then dissolved the DNA powder in ultrapure water (18.2 MΩ, Milli-Q 
system). The concentrations of ss-DNA stock solutions were calculated on the basis 
of their absorbance at 260 nm using ultraviolet-visible spectroscopy (Lambda750, 
Perkin-Elmer) through the Beer–Lambert law68: A = εbc, where A is the absorbance, 
ε is the molar absorptivity, b is the optical path length and c is the molar 
concentration. Equimolar quantities at a final concentration (1 μM) of four strands 
for the assemblage of the MolEMSs were mixed in 1× TM buffer at 95 °C for 10 min, 
and were cooled to 4 °C immediately using a thermal cycler (SimpliAmp, Thermo 
Fisher Scientific)69. Then, the MolEMSs were obtained, which contained a stiff base 
and a flexible cantilever. The base had a tetrahedral structure with six ds-DNA 
edges linked by single-stranded hinges, and each vertex at the bottom carried 
an amino group. The cantilever was an ss-DNA with thymine nucleotide spacer 
(5 T or 15 T) and a probe at the tip. Here, the probe was TBA aptamer, DH25.42 
aptamer and oligodeoxynucleotide aptamer for detecting thrombin, ATP and Hg2+, 
respectively, or complementary oligonucleotide for detecting ss-DNA-T, cDNA and 
RNA. Finally, the MolEMSs were stored in 1× TM buffer at 4 °C for later use.

Fabrication of MolEMS g-FETs. The immobilization of MolEMS involves 
non-covalently functionalizing 1-pyrenebutanoic acid succinimidyl ester 
(PASE, Sigma-Aldrich) on monolayer chemical-vapour-deposition graphene 
(Supplementary Fig. 3) via π–π stacking, and covalently linking PASE to the amino 
groups at the bottom of the base of MolEMS. The g-FET device was immersed in 
a dimethylformamide (Sigma-Aldrich) solution of 5 mM PASE for 1.5 h at room 
temperature70. The PASE molecules served as linkers, which were terminated to 
the graphene via π–π interactions between graphene and the pyrene groups of 
PASE. A PDMS well was stamped above the graphene channel to hold the solution. 
After rinsing thoroughly with ethanol and ultrapure water, 50 μl 1× TM buffer 
with 100 nM MolEMS was added in the PDMS well for 12 h at room temperature. 
Following this incubation, the solution in PDMS well was changed to 100 mM 
ethanolamine (Sigma-Aldrich) in 1× TM buffer solution for 1 h, which deactivated 
and blocked the excess reactive groups remaining on the graphene surface 
(Supplementary Fig. 4). Then, the solution in the PDMS well was changed to  
1× TM buffer, and the device was rinsed at least three times. Finally, 80 μl buffer  
or VTM was added to the PDMS well, and it was sealed by a piece of glass or  
wafer. The device was stored at 4 °C in the dark.

Characterization. The morphologies of g-FET devices modified with MolEMSs 
and ss-DNA aptamers were analysed in fluids (1× TM buffer) by AFM (Fastscan, 
Bruke) operated in ScanAsyst mode using an ultrasharp tip (Fluid + , Bruke) of 
~2–3 nm radius. In the AFM images, we determined the number of MolEMSs 
in a certain area on the graphene surface, and calculated the density via dividing 
the number by the area. The average density was obtained by measuring different 
locations. The g-FET devices after serum incubation were rinsed by ultrapure 
water and dried by nitrogen, then were analysed in air by AFM operated in 
ScanAsyst mode using a ~20–25 nm radius tip (Scanasyst air).

The graphene samples were measured by Raman spectrometer (LabRam 
HR Evolution, Horiba Jobin Yvon, 532 nm Ar ion laser) and high-resolution 
transmission electron microscope (Tecnai G2 F20 S-Twin, acceleration voltage 
200 kV). The g-FET devices modified with MolEMSs or ss-DNA aptamers were 
washed thoroughly by ultrapure water, dried by nitrogen and then scanned by 
scanning electron microscope (Gemini SEM500, Zeiss) at 0.8 keV. MolEMSs were 
analysed using 3% agarose gel electrophoresis in 1× TBE Mg2+ buffer (89 mM 

NAtuRe BioMeDiCAL eNGiNeeRiNG | VOL 6 | MARCH 2022 | 276–285 | www.nature.com/natbiomedeng282

http://www.nature.com/natbiomedeng


ArticlesNature Biomedical eNgiNeeriNg

Tris, 89 mM boric acid, 2 mM EDTA, 12.5 mM Mg2+, pH ~8.0) at 95 V for 40 min, 
and then the gels were stained in Sybr safe (Thermo Fisher) for 30 min followed 
by imaging under ultraviolet exposure (Gel-doc XR + , Bio-Rad). Before and 
after modifying with PASE and MolEMS, the graphene was measured by X-ray 
photoelectron spectroscopy (Thermo Fisher Scientific K-Alpha instrument) with 
an Al X-ray source (hν = 1,486.6 eV).

FRET analysis was performed as follows71: (1) the DNA nanostructures 
with dyes were added in 1× TM buffer with a final concentration of 200 nM; 
(2) 400 μl solution was pipetted into a quartz cuvette and fluorescence spectra 
measured by fluorescence spectrometry (PTI QuantaMaster QM-40) with 514 nm 
excitation wavelength and 600 nm s−1 scan rate; (3) the FRET efficiency (EFRET) was 
determined from the decrease in donor fluorescence intensity via:

EFRET = 1 − (IDA/ID)

where IDA and ID denote the measured maximum fluorescence intensity of the 
donor (Cy3) for the DNA nanostructures with or without the acceptor (Cy5), 
respectively. The sequences (5′-3′) of DNA strands used in the FRET experiments 
are presented in the Supplementary Table 1.

Confocal fluorescence microscopy measurement. Graphene was transferred 
by PMMA onto a quartz substrate with pre-patterned gold electrodes and 
patterns. The graphene surface was immobilized with Cy3-conjugated 17bp-15T 
MolEMSs, Cy3-conjugated 7 bp DNA nanostructures or Cy3-conjugated 17 bp 
DNA nanostructures. A PDMS well was stamped on the top of graphene and filled 
with 1× TM buffer. To measure the electrical-field-driven fluorescence quenching 
(Supplementary Note 2), a Ag/AgCl electrode was inserted into the solution 
to apply a Vlg, which generated an electrical field and drove Cy3 on 17bp-15T 
MolEMS downwards. The fluorescence intensities were imaged by using a confocal 
fluorescence microscope (C2+, Nikon)72.

Cells and virus. Human kidney cells HEK293 and African green monkey kidney 
cell line Vero E6 (Cell bank of Chinese Academy of Sciences) were cultured at 
37 °C with 5% CO2 in Dulbecco’s modified Eagle medium (Gibco) containing 2 
mM l-glutamine, 50 U ml−1 penicillin, 100 mg ml−1 streptomycin and 10%  
(vol./vol.) foetal bovine serum (Gibco). SARS-CoV-2 strain nCoV-SH01 
(GenBank, MT121215.1), from a laboratory-confirmed COVID-19 severe 
pneumonia case provided from CDC Shanghai, was propagated in Vero E6 cells  
in a biosafety level 3 laboratory73.

Preparation of samples 1–5 for SARS-CoV-2 nucleic acid testing. Sample 1 and 
sample 5 were extracted from African green monkey kidney cell line Vero E6 and 
human kidney cells HEK293, respectively, by using TRIzol reagent (Invitrogen) 
following the manufacturer’s instructions. Viral RNA or human RNA was used for 
synthesizing first-strand cDNA by SuperScript III CellsDirect cDNA Synthesis Kit 
(Invitrogen). Viral cDNA was then quantified by qRT–PCR (qRT–PCR detection 
kit Tiangen). For MolEMS g-FET testing, the vials containing 108 copies per μl 
viral cDNA were centrifuged at 3,000 rpm at 4 °C for 5 min and diluted into 5 × 107 
copies per μl first in full artificial saliva (Solarbio) and 2% of RNase inhibitor 
(Thermo Fisher), then were serially diluted in full artificial saliva to concentrations 
of 5,000,000, 500,000, 50,000, 5,000, 500, 50, 5, 0.5, 0.1 and 0.02 copies per μl.

Sample 2, sample 3 and sample 4 were SARS-CoV-2, SARS-CoV and MERS-CoV 
IVT RNA reference materials (nt 13321–15540, GenBank no. MT027064.1, no. 
NC004718.3 and no. NC019843.3), respectively, with a titre of 105 copies per μl, 
provided by Shanghai Institute of Measurement and Testing Technology. For 
MolEMS g-FET testing, the samples were centrifuged at 3,000 rpm at 4 °C for 5 min 
and diluted into 5,000 copies per μl first in full artificial saliva (Solarbio) and 2% 
of RNase inhibitor (Thermo Fisher), and then were serially diluted in full artificial 
saliva to a concentration of 500, 50, 5, 0.5 and 0.1 copies per μl.

Clinical samples. The clinical samples used were collected from Department 
of Laboratory Medicine, Shanghai Public Health Clinical Center. Thirty-three 
nasopharyngeal swab samples were from patients with qRT–PCR-positive COVID-
19. Twenty-three nasopharyngeal swab samples were from qRT–PCR-negative 
patients in fever clinic. Four nasopharyngeal swab samples were from patients with 
influenza A. Two nasopharyngeal swab samples were from patients with influenza 
B. Other 25 nasopharyngeal swab samples were from healthy volunteers. To release 
the RNA, 200 μl VTM (Yocon) used to store the swab was heated at 56 °C for 
30 min. Then, the medium was directly used for SARS-CoV-2 nucleic acid testing 
by MolEMS g-FETs without requirement of the extraction procedure. This research 
was approved by the Shanghai Public Health Clinical Center Ethics Committee 
(approval ID number 2020-Y114-01) with informed consent from participants.

qRT–PCR assay. Sample 1 was extracted by TRIzol reagent (Invitrogen) following 
the manufacturer’s instructions. Viral RNA was used for synthesizing first-strand 
cDNA by using SuperScript III CellsDirect cDNA Synthesis Kit (Invitrogen). To 
quantify viral cDNA in sample 1, qRT–PCR was performed in a 20 μl reaction 
(containing 2 μl cDNA sample) using qRT–PCR detection kit (Tiangen) on an 
MXP3000 cycler (Stratagene) as follows: 95 °C 5 min; 40 cycles of 95 °C 10 s, 50 °C 
30 s and 72 °C 30 s. PCR primers (Genewiz) targeting SARS-CoV-2 RdRp gene 

(nt 1113–1326) were (forward/reverse) 5′-CTTGTGTATGCTGCTGACCC-
3′/5′-GCAGCATTACCATCCTGAGC-3′. The copies of cDNA in sample 1 were 
calculated based on the standard curve (Supplementary Fig. 29).

To quantify viral RNA in clinical samples, 200 μl swab samples were extracted 
following instructions as described in the protocol (magnetic bead nucleic acid 
extraction kit, SDK60165) from Jiangsu Shuoshi Biological Technology. qRT–
PCR was performed in a 25 μl reaction system by using 2019-nCoV nucleic acid 
detection kit (DaAn Gene). Five microlitres of the extracted nucleic acid elution 
sample was taken as the amplification template for amplification on Applied 
Biosystems 7500 (BJ001271, ABI), according to the protocol (2019-nCoV nucleic 
acid detection kit, DA0931). The copies of RNA in the clinical samples were 
calculated based on the standard curve (Supplementary Fig. 39).

The standard curves of the detection kits were established by using plasmid 
COVID-19 containing cloned target sequence as the standard. The stock of 
plasmid DNA was determined by spectrophotometric analysis. The mass of one 
copy DNA was calculated as:

m = n × 1.096 × 10−21

where n is the plasmid size (bp) and m is the mass (g). A series of serial dilutions 
were performed to achieve a working stock of plasmid DNA. The standard curves 
for quantitation were obtained by measuring the serially diluted plasmid DNA 
(Supplementary Figs. 29 and 39).

Device measurement. Source–drain electrodes were wire bonded using Al 
wires. Then, 80 μl or 100 μl buffer solution (Supplementary Note 3) or biofluids 
were added into the PDMS well as electrolyte throughout the measurement, and 
a Ag/AgCl reference electrode was inserted into the solution as the liquid gate 
electrode74. The electrical characterization was carried out at room temperature 
by using a semiconductor analyser (Keysight, B1500A). After the Ids stabilized, Ids 
versus Vlg curves were obtained by sweeping Vlg in a certain range, and the Dirac 
point was obtained at Vlg where Ids reaches its minimum.

To measure targets by using MolEMS g-FETs, the device was first immersed in 
80 μl or 100 μl buffer solution or biofluids, and then a stable Vds bias (Vds = 50 mV) 
was applied between the drain and source electrodes. After the Ids stabilized, 
time-resolved Ids measurement was performed. To add the testing solutions, 50% or 
100% volume solution was taken out from the PDMS well and then was replaced by 
pre-mixed samples of the same volume. The solutions with a certain concentration 
of analytes (thrombin, casein, BSA, Hg2+, Fe3+, Cd2+, Zn2+, Ca2+, Cu2+, ATP, 
CTP, GTP, ss-DNA-T, ss-DNA-R1, ss-DNA-R2, ss-DNA-R3, ss-DNA-mis-3′, 
ss-DNA-mis-m, ss-DNA-mis-5′, SARS-CoV-2 cDNA, human cDNA, SARS-CoV-2 
IVT RNA, SARS-CoV IVT RNA, MERS-CoV IVT RNA) or clinical samples  
(P1–P33, F1–F23, A1–A4, B1, B2, H1–H25) were added, and at the same time 
Ids versus t curves were recorded. To improve the sensitivity, negative Vlg (that is, 
−0.5 V) was applied to drive MolEMS during the measurements. As a comparison, 
Ids versus t curves were also measured at Vlg = 0 V. To conduct measurement in full 
serum, the MolEMS g-FET devices were immersed in 100% foetal bovine serum 
(Zhejiang Tianhang Biotechnology) for 2 h before usage.

To conduct measurements in full artificial saliva, the MolEMS g-FET devices 
were immersed in 100% artificial saliva (Solarbio) for 1 h before usage. To conduct 
measurements of the clinical samples, the MolEMS g-FET devices were immersed 
in VTM (Yocon) for ~1–2 h before usage. To conduct measurements in full serum, 
thrombin, ATP and ss-DNAs were spiked to 100% foetal bovine serum and diluted 
to different concentrations by adding full serum. To examine the long-term 
stability, the MolEMS g-FET devices were immersed in 100% foetal bovine serum 
for 15 days or in VTM for 3, 10, 15 and 21 days, and then electrical measurements 
were carried out under the same conditions as described above.

The threshold value to diagnose COVID-19 by MolEMS g-FETs was taken 
from three times the largest response of the negative samples. The diagnosis time 
was read from the interception of the threshold value and the real-time ∆Ids/Ids0 
responses. As an example, most ∆Ids/Ids0 values of negative samples were below 
0.08%; thus, the threshold value was set to 0.24%. The response time of P4, P7, P18, 
and P21 was therefore ~60 s, ~22 s, ~90 s and ~20 s according to the time when the 
∆Ids/Ids0 response reached the threshold value (Extended Data Fig. 7), respectively.

Prototype testing system for detecting SARS-CoV-2 nucleic acids. For on-site 
and point-of-care detection, a prototype of the COVID-19 testing system was 
assembled by using MolEMS g-FETs (Supplementary Fig. 41). The testing system 
was composed of two parts. The first was a MolEMS g-FET-integrated testing 
module, which served as the consumable material in the test. To avoid cross 
interference between different samples, one module was used for testing one 
sample. The second was the main system with size of 11.5 cm × 9 cm × 5.5 cm, 
which included a controller, digital converters, a timer, a rechargeable lithium 
battery, a signal processing module, a signal amplifier regulator module and a 
signal output module that could connect with smartphone or computer by USB, 
WiFi or Bluetooth. The main system was reused for multiple tests by simply 
replacing the MolEMS testing module. The operation of this system took three 
steps (Supplementary Fig. 42). The first step was to connect the testing module 
with the main system and connect the computer or the smartphone with the 
testing system by USB, Wifi or Bluetooth. The second step was to open the seal 
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which covered the PDMS well of the testing module. The third step was to add the 
testing sample into the PDMS well and to read the results from the computer or the 
smartphone.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The main data supporting the results in this study are available within the paper 
and its Supplementary Information. The raw and analysed datasets generated 
during the study are too large to be shared publicly, yet they are available for 
research purposes from the corresponding authors on reasonable request.
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Extended Data Fig. 1 | Antifouling performance against BSA. a, b, ∆Ids/Ids0 responses of a bare g-FET upon addition of BSA with concentrations 
from 2.5 × 10−13 M to 5 × 10−11 M in 1×TM buffer. c, d, ∆Ids/Ids0 responses of a g-FET modified with a BSA antifouling layer upon addition of BSA with 
concentrations from 2.5 × 10−13 M to 5 × 10−11 M in 1×TM buffer. To modify the graphene surface with the BSA layer, we added 50 μL 1×TM buffer solution 
with 1 × 10−3 M BSA in the PDMS well of the device. After 12-hours incubation, the g-FET was washed using 1×TM buffer by three times. e, f, ∆Ids/Ids0 
responses of a MolEMS g-FET upon addition of BSA with concentrations from 2.5 × 10−13 M to 5 × 10−11 M in 1×TM buffer. The MolEMS g-FET exhibits an 
antifouling ability against unspecific adsorption of BSA. All samples were technical replicates.
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Extended Data Fig. 2 | Long-term stability of the MoleMS g-Fets. a, b, ∆Ids/Ids0 responses of a MolEMS g-FET with DH25.42 aptamer probes upon 
addition of 5 × 10−15 M and 5 × 10−14 M ATP in full serum. c, d, ∆Ids/Ids0 responses of the same MolEMS g-FET device upon addition of 5 × 10−15 M and 
5 × 10−14 M ATP in full serum, after continuous exposure in full serum for 15 days at 4 °C. The response maintains ~56% in full serum after 15 days. All 
samples were technical replicates.
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Extended Data Fig. 3 | Real-time detection of Hg2+, AtP and ss-DNA. ∆Ids/Ids0 responses of MolEMS g-FETs with corresponding probes upon addition 
of (a) Hg2+ (1×TM), (b) ATP (full serum) and (c) ss-DNA-T (full serum) with concentrations from 5 × 10−20 M to 2.5 × 10−10 or 5 × 10−10 M under an 
electrostatic actuation. All samples were technical replicates.
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Extended Data Fig. 4 | Selectivity of the MoleMS g-Fet sensors. Real-time ∆Ids responses of MolEMS g-FETs carrying different probes upon targeted 
(5 × 10−16 M) and non-targeted (5 × 10−15 M) analytes. a, The targeted analyte is thrombin, and non-targeted analytes are Casein and BSA. b, The targeted 
analyte is ATP, and non-targeted analytes are CTP and GTP. c, The targeted analyte is Hg2+, and non-targeted analytes are Fe3+, Cd2+, Zn2+, Ca2+ and Cu2+. 
All samples were technical replicates.
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Extended Data Fig. 5 | Specificity towards mixture samples. |∆Ids/Ids0| responses of MolEMS g-FETs upon non-targeted (5 × 10−15 M) analytes and 
upon mixture samples with the targeted analytes (5 × 10−16 M) and non-targeted analysts (5 × 10−15 M). The mixed samples are a mixture of 5 × 10−16 M 
Thrombin, 5 × 10−15 M Casein, 5 × 10−15 M BSA; a mixture of 5 × 10−16 M ATP, 5 × 10−15 M CTP, 5 × 10−15 M GTP; a mixture of 5 × 10−16 M Hg2+, 5 × 10−15 M 
Fe3+, 5 × 10−15 M Cd2+, 5 × 10−15 M Zn2+, 5 × 10−15 M Ca2+, 5 × 10−15 M Cu2+; and a mixture of 5 × 10−16 M ss-DNA-T, 5 × 10−15 M ss-DNA-mis-3’, 5 × 10−15 M 
ss-DNA-mis-m, 5 × 10−15 M ss-DNA-mis-5’. All samples were technical replicates.
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Extended Data Fig. 6 | Calculation of the LoD. The LoD values were obtained from the interception of the noise level and the linear standard curve of 
|∆Ids/Ids0| versus concentration for the SARS-CoV-2 viral cDNA (a) and the SARS-CoV-2 IVT RNA (b) detection. The error bars are defined by the standard 
deviation of the results from 3 parallel experiments. In high concentration region, the larger error bars are probably attributed to the difference of the probe 
density on each device. All samples were technical replicates.
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Extended Data Fig. 7 | Real-time detection of clinical samples from CoViD-19 patients. |∆Ids/Ids0| versus t curves upon addition of clinical samples (a) P4, 
(b) 50% and 100% P7, (c) P18 and (d) P21. All samples were biological replicates.
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Coronavirus sequences from NCBI, Keysight EasyEXPERT for device measurements, Image Lab software for gel imaging.

Data analysis Origin2018 for data analysis, NanoScope for AFM imaging, NIS-Elements for confocol image analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The main data supporting the results in this study are available within the paper and its Supplementary Information. The raw and analysed datasets generated 
during the study are too large to be publicly shared, yet they are available for research purposes from the corresponding authors on reasonable request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size For COVID-19 clinical-sample testing (33 positive samples and 54 negative samples), no statistical test was used to determine the sample size. 
On the basis of the minimal variance observed among technical replicates in pilot experiments, we selected 3 or more technical replicates per 
sample.

Data exclusions No data were excluded.

Replication All the experiments were reproducible.

Randomization The clinical samples were randomly selected when testing with MolEMS.

Blinding When measuring clinical samples by MolEMS, the researchers were blinded to the Ct values (qRT-PCR) of the samples.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Human research participants
Policy information about studies involving human research participants

Population characteristics The COVID-19-positive patients were 14 female and 19 male, 20–78 years old. 
For the negative controls, 54 donors were included (23 females and 31 males; 24–68 years old).

Recruitment COVID-19-positive patients and negative participants were recruited from the Shanghai Public Health Clinical Center, and 
were randomly selected.

Ethics oversight The research was approved by the Shanghai Public Health Clinical Center Ethics Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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